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ABSTRACT 

A high intensity,  aerodynamic molecular beam generator combined 
with a sensitive modulated beam detector has been used in the study of 
the condensation and evaporation processes of carbon dioxide,  nitrogen, 
and argon (CO2»  N2,  and Ar) on cryogenically cooled surfaces.    Molec- 
ular beams of intensities between 1013 and lO1^ molecules/sec-cm^ 
which correspond to gas pressures between 10" ° and 10~5 torr have 
been impinged on a polished copper target at surface temperatures be- 
tween 20 and 300°K.    The results of these experiments have shown that: 
(1) Room temperature molecblar beams of CO2, N2,  and Ar scattered 
from a copper surface at temperatures below 300°K follow a cosine law 
scattering pattern.    The scattering pattern remains unchanged after the 
initiation of condensation and also during the evaporation process.   The 
scattering pattern was insensitive to angle of incidence for angles be- 
tween 0 and 80 deg relative to the surface normal.    (2) The initiation of 
condensation of CO2, N2,  and Ar gases on cryogenically cooled sur- 
faces follows a definite gas pressure and surface temperature relation 
which is predicted by the theoretical relations derived by Frenkel. 
(3) The measured CO2 evaporation rate between 7 5 and 95°K is in agree- 
ment with the extrapolation from published values at higher tempera- 
tures.    (4) After initiation of condensation, the value of the capture coef- 
ficient is observed to approach a unity value.    The high detector 
sensitivity allows measurements of capture coefficient up to 0. 995. 
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SECTION I 
INTRODUCTION 

During the past 10 yr,   cryopumping has been widely employed in 
the production of the vacuum environment,  and investigators (Refs.   1 
through 9) have measured the condensation rates for various gases on 
a cryosurface.    They reported data in terms of a capture coefficient, 
and widely varying values have been observed {Refs.  1,  5,  7,  8,  and 9). 

At first,  when conflicting values were reported,   it was generally 
assumed that experimental error was responsible for the disagreement. 
However,  as bare surface effects and variation of the condensation rate 
with gas purity,  gas temperature,  and cryosurface temperature were 
reported later (Refs.   1,  4,  10,  and 11),   it became evident that many of 
the published variations in values of the capture coefficient for a par- 
ticular gas species were probably the result of unnoticed variations in 
the experimental conditions (Ref.   8). 

Thus far,  most of the capture coefficients have been obtained by 
making measurements of the total pumping speed of the cryosurface 
(Ref.   1) and then ratioing the measured pumping speed to the theoreti- 
cal speed predicted by kinetic theory.    These experiments have been 
generally limited to random flow to the cryosurface and a narrow range 
of gas temperatures (usually 200 to 400°K).    The success,of the exper- 
iments has depended on an absolute calibration of the metering device 
or a pressure gage.    Measurements of this type have provided useful 
data,  but they have not provided the accurate data needed in developing 
a good theoretical model of the condensation phenomenon. 

In order to study the condensation process of gases under carefully 
controlled conditions,   a high intensity molecular beam chamber has 
been constructed at AEDC (Ref.   12).    The molecular beam technique 
has "made possible the independent variation of surface and gas proper- 
ties over a wide range of temperature,  pressure,  gas species,  geometric 
orientation between gas and surface,  and surface configuration.    Hence, 
any dependence of condensation on any one variable can be independently 
studied. 

This chamber is being used to provide accurate condensation rate 
data for several gases as the gas temperature is varied from 300 to 
1500°K, the angle of incidence is varied from 0 to 90 deg,  and the target 
temperature is varied from 300 to 10°K.    Several other parameters such 
as background gas species,  deposit thickness,  beam intensity,  and 
velocity distributions of the beam will also be systematically varied to 
determine if they affect the capture coefficient. 
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The data presented and discussed in this report include:  (1) the 
surface temperature at which condensation begins for beams of carbon 
dioxide (CO2), nitrogen (N2), and argon (Ar),  (2) the effect of the beam 
intensity on the temperature at which condensation begins,  (3) the 
evaporation rates of beam deposits in a vacuum,  (4) the spatial distribu- 
tion of evaporation flux and reflected beams,  (5) the critical sup er satura- 
tion ratio required to initiate the condensation process,  (6) the rate of 
condensation,  and (7) comparison of the observed results with existing 
condensation theories and other experimental results. 

SECTION il 
APPARATUS 

2.1 CHAMBER AND BEAM GENERATION SYSTEM 

The AEDC Aerodynamic Molecular Beam Chamber (Fig.   1, Appen- 
dix I) is a stainless steel cylinder,   3 ft in diameter by 6. 5 ft long,  which 
is divided into three sections by two removable bulkheads.    Vacuum con- 
ditions are produced and maintained in the cell by oil diffusion pumps, 
20°K gaseous-helium (GHe)-cooled cryoliners,  and 77°K liquid-nitrogen 
(LN2)-cooled cryoliners.    The total pumping speed for air is in excess of 
500, 000 liters/sec. 

This system is capable of producing a 4-mm-diam beam entering 
the test section with a variable beam flux from 1.0 x 1013 to 2.0« 1016 

molecules/sec while maintaining a background pressure of 10" 8 torr in 
the test section. 

The beam-generating components consist of a 0. 5-mm-diam nozzle 
source,  a 4-mm-diam conical skimmer located 42. 7 mm downstream 
from the nozzle,  and a 4-mm-diam collimator positioned 473 mm down- 
stream from the skimmer tip.   A complete description of the beam system 
and its performance is given in Ref,   12. 

2.2 TARGET 

The target (Fig.   2) was fabricated from electrolytic copper,  and the 
front was hand polished to an 8-microinch (/u in.) RMS finish.    The tar- 
get temperature was controlled by a continuous circulation of GHe from 
a variable temperature cryostat.    Two chromel-constantan thermocouples 
and a germanium resistance thermometer imbedded in the target were 
used to measure the target temperature. 
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2.3  DETECTION SYSTEM 

The molecular beam detection systems consist of an ionization 
gage for measuring the total incident beam flux (Fig.   3). and a modulated 
beam detector for measuring the reflected beam signals.    The ionization 
gage was calibrated for absolute measurements of incident beam flux 
using a beam of known molecular flux as described in Ref.   12. 

The modulated beam detection system employed consists of (1) a 
mechanical beam chopper,  (2) a quadrupole mass spectrometer,  and 
(3) a lockin amplifier (Fig. 4).    This detector system has the capability 
of recovering the signal from beam intensities that are three orders of 
magnitude less than the background gas intensity.    This detector re- 
sponds only to total molecular flow rate and is insensitive to changes in 
molecular velocity.   A complete description of the detector and its per- 
formance is given in Ref.   13. 

SECTION III 
PROCEDURE 

During a typical experiment,  the chamber is pumped down to a 
pressure of 10"8 torr,  and the beam is turned on.    Then the source 
pressure is adjusted to give the desired beam intensity as measured by 
the calibrated ionization gage detector (Fig.  3).    Typical chamber pres- 
sures during a test with the beam on and a source pressure of 200 torr 
are 2 x 10"8 torr,   1 x 10"7 torr,  and 2 x 10"5 torr for the test,  collima- 
tion,  and nozzle discharge sections of the chamber,  respectively. 

3.1   SPATIAL DISTRIBUTION MEASUREMENT TECHNIQUE 

In the first set of experiments the modulated beam detector was 
rotated about the target surface to measure the reflected or evaporated 
gas flux spatial distribution.    The detector was mounted to rotate in the 
plane formed by the incident beam and the target surface normal with 
the center of rotation at the center of the incident beam impingement 
point on the target surface.    The target surface was also rotated to vary 
the angle of incidence between 0 and 80 deg as measured from the surface 
normal.    For these experiments the target was set to form a given angle 
of incidence,  a beam was directed on the target,  and the reflected gas 
flux spatial distribution was measured by rotating the detector.    The sur- 
face temperature was also varied from room temperature down to tem- 
peratures sufficiently low to cause condensation of the incident beam,  and 
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reflected beam spatial distributions were measured as a function of 
surface temperature.    In order to measure the spatial distribution 
pattern of an evaporating gas flux, the surface was cooled until con- 
densation of the incident beam began.    The incident beam was used to 
deposit gas on the surface for several minutes and then shut off. 
Measurements were than made of the spatial distribution of the gas 
flux evaporating from this deposit spot. 

3.2 CONDENSATION AND EVAPORATION MEASUREMENT TECHNIQUE 

In the series of experiments to measure the conditions under which 
beam condensation occurs, the target was set at a fixed angle of beam 
incidence,  and the detector was set at a fixed angle of reflection.    A 
room temperature molecular beam of constant intensity was then 
directed onto the target surface,  which was also at room temperature. 
In this case no beam condensation would occur,   and the total incident 
beam was reflected.    The incident beam was cycled on and off by moving 
the metal disk into and out of the path of the beam. 

With this experimental setup,  the target surface was then slowly 
cooled by the circulation of GHe from an external refrigerator through 
the interior of the target surface.    The general nature of the resulting 
experimental data is depicted in Fig.  5.    As the surface is cooled from 
room temperature (point 1), the reflected beam signal remains constant 
until the temperature at which condensation begins is reached {point 2). 
At this surface temperature,  the reflected beam signal decreases,   which 
indicates that deposition of the incident beam has begun. 

If the surface temperature represented by point 2 is held constant, 
the reflected gas intensity decreases with time toward point 3,  which 
indicates that an increasing amount of the incident beam is being de- 
posited.    Any further cooling of the surface will also decrease the re- 
flected signal, as indicated by the line between points 3 and 4.    At some 
lower surface temperature, the reflected beam signal becomes immeas- 
urably low,  as determined by the detector sensitivity.    For these experi- 
ments the modulated beam detector could measure reflected beam signals 
as low as 5 x 10" 3 times the magnitude of the reflected beam signal be- 
fore condensation began (point 2). 

After condensation of the incident beam has begun,  the surface can 
be warmed,  and the reflected or evaporated gas intensity can be meas- 
ured as represented by the curve between points 3 and 5.    If the surface 
is warmed after condensation has occurred, the gas intensity entering 
the detector increases but remains less than the initial (point 2) value 
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up to some temperature (point 5) which is greater than the tempera- 
ture at which condensation began (point 2).    A flux equilibrium tem- 
perature is defined at point 5 where the incident beam flux equals the 
total flux leaving the surface. 

The evaporation flux leaving the deposit spot is another measure- 
ment made after the beam had deposited on the target.    If the incident 
beam is turned off, the remaining gas flux entering the detector is 
produced by evaporation from the condensed beam gas.    The surface 
temperature can be varied,  and a plot of evaporation flux versus sur- 
face temperature can be made (curve 6). 

SECTION IV 
EXPERIMENTAL RESULTS AND DISCUSSION 

4.1   BEAM SCATTERING AND EVAPORATION PATTERNS 

Since the modulated beam detector (as depicted in Fig.  2) can only 
measure a small geometric portion of any gas flux leaving the target 
surface,   it is essential to measure any desired gas property in terms 
of angle of reflection to detect any possible variations of gas properties' 
with angle of reflection.    Also,  with the target movable,  any possible 
dependence of reflected gas properties on angle of incidence can be 
measured. 

In Fig.  6 typical scattering patterns are shown for a beam of CO2 
gas molecules striking at near-normal incidence.    The molecular beam 
strikes the target surface at an angle of incidence of 10 deg measured 
relative to the surface normal.    The data points indicated by the circles 
represent the relative gas intensity at various angles of reflection for 
a CO2 beam from a 300°K target surface.    The target was a polished 
copper surface which had undergone no special cleaning process before 
the beam scattering experiments.    The surface was then microscop- 
ically rough and covered with any test chamber gases which had been 
absorbed during the pumpdown process to the vacuum pressure of 
approximately 1 x 10"8 torr.    As can be seen,  the scattering pattern 
under these conditions is near circular,   indicating that the scattering 
process is representative of the cosine law for random reflection. 

For the data taken with the target at 77°K,  about 50 percent of the 
incident beam flux was being condensed.    The data points represent 
the relative gas intensity at various angles of reflection for the portion 
of the incident beam which is not condensed but scattered by the surface. 
Once again, the data follow the cosine law scattering pattern. 
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At a surface temperature of 77°K, the C02 beam was allowed to 
condense on the target for about 30 min; then the beam was shut off, 
and the surface was slowly warmed until the CO2 gas flux evaporating 
from the deposit spot was sufficiently large to produce measurable 
signals at the detector.    The target was then held at a constant tem- 
perature of 85°K,  and the spatial distribution of the evaporating gas flux 
was measured.    As indicated by the solid dot data points, the distribu- 
tion pattern appears to follow the cosine law for evaporation from a CO2 
deposit spot. 

Several similar measurements were then made as the CO2 beam 
angle of incidence was increased as measured from the surface nor- 
mal.    Since all angles of incidence appeared to give the same results, 
only those data at the highest angle of incidence will be discussed.   In 
Fig.  7 the results of beam scattering measurements are shown which 
were made at a CO2 beam angle of incidence of 80 deg and surface tem- 
peratures of 300 and 77°K.    In both cases, for the noncondensing target 
as well as the condensing target surface, the reflected gas spatial 
distribution closely follows the calculated cosine law curve. 

For high angles of incidence, the incident beam is spread out over 
a wide portion of the target surface.    Since the chopper wheel is 
mounted between the target and the detector and has only a 0. 5-in. open- 
ing,  the chopper blocks part of the reflected gas from the surface when 
the beam spot on the target exceeds a certain diameter.    The fraction of 
reflected beam blockage can be calculated for various angles of in- 
cidence as shown in Appendix III, and this correction can be applied to 
the theoretical cosine law values.    The solid line in Fig.  7 represents 
a cosine law scattering corrected for the chopper wheel blockage. 

Since molecular beams have been used for many years to measure 
the scattering patterns for various gas-surface interactions,   it is 
interesting to compare the results of these measurements to those of 
other investigators.    As discussed in the survey paper by Stickney 
(Ref.   14), the cosine law scattering pattern for neutral gas-solid sur- 
face interactions is generally observed unless (1) the target surface 
undergoes some special preparation process before interaction with the 
beam,  such as extensive heating to remove adsorbed gases, or a 
cleaved crystal similarly cleaned is used as a target surface,  or (2) a 
high energy beam is used with molecular velocities about ten times as 
great as velocities produced by expansion from a room temperature 
beam source.    Under such conditions noncosine law scattering patterns 
have been frequently observed,  generally in the form of a lobular- 
shaped pattern.    Since neither of the above-mentioned conditions was 
met,  the cosine law scattering was an expected result.   However, for 
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the case of a beam scattering from a freshly deposited CO2 spot, it 
was unknown whether the CO2 condensate might act as a very clean 
smooth surface,  especially if a crystal deposit were to occur.    It was 
interesting then to observe that for this condition, cosine law scatter- 
ing also occurred.    The observed cosine law distribution for the gas 
flux evaporating from a condensate spot into a vacuum was also anti- 
cipated since some very early work by Knudsen and Wood (Refs.   15 
and 16) using metal vapors produced the same result.    However,  this 
may be the first time such evaporating distribution patterns have been 
measured for atmospheric gases at low temperatures and pressures 
using a scanning molecular beam detector. 

4.2 CONDENSATION AND EVAPORATION EXPERIMENTS 

Several experiments were conducted to determine the conditions 
under which condensation of CO2,  N2,  and Ar would occur at cryo- 
genic temperatures and high vacuum pressures.    In addition, the evapo- 
ration flux from a CO2 deposit was measured as a function of surface 
temperature.    For the experiments reported herein,  the onset of con- 
densation has been measured as a function of beam intensity, beam 
species,  angle of incidence,  and surface temperature of a polished 
copper target.    All experiments were conducted with a room tempera- 
ture beam source.    As in the previously discussed scattering experi- 
ments,  no special surface preparation had been undertaken in terms of 
surface cleaning by heating or surface finishing beyond normal machine 
shop polishing to a mirror finish. 

4.2.1   Beam Pressure Calculations 

It is often useful to convert the beam intensity into a beam pres- 
sure acting on the target surface,  since most condensation experi- 
mentation and theoretical treatment have been undertaken with gas 
pressure as a parameter.    In this report the term "flux" will always 
refer to molecular flow rate (molecules/sec),  whereas the term 
"intensity" will refer to flux per unit area (molecules/sec-cm2).    For 
a gas at equilibrium within a closed container,  the kinetic theory rela- 
tion between pressure and intensity is: 

P  = IV2»rmkT (1) 

where T is the gas and surface temperature.    However, this relation 
will generally not be a precise calculation of pressure for an aero- 
dynamically generated molecular beam because (1) the gas does not 
approach the target randomly but is highly directed,  (2) the velocities 
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of the beam molecules are slightly higher than the equilibrium condi- 
tion determined by the source temperature,  and (3) the beam tempera- 
ture will not always be equal to the surface temperature.    A more 
precise relationship for beam pressure calculated from beam intensity 
is derived in Appendix II by considering the beam pressure as the sum 
of the incident and reflected beam pressures: 

P = Pi + Pr (2) 

Using the velocity distribution for incident and reflected beam 
molecules, beam pressure has been calculated as a function of beam 
intensity and temperature as a function of the beam and target surface. 
Using the Maxwell-Boltzman equilibrium distribution in Eq.  (2) gives 
the relation of Eq.   (1),  but considering an aerodynamic molecular beam 
for Pi gives a pressure about twice the magnitude of that calculated 
from Eq.  (1) for a room temperature beam and target surface.    There- 
fore,   Eq.   (1) relates only a correspondence in intensity between beam 
conditions and equilibrium conditions.    If the velocity dependence of 
pressure is important to any observed phenomenon,   Eq.  (1) is not a pre- 
cise method of calculating beam pressure.    The dependence of con- 
densation phenomena on the incident beam velocity will be the subject of 
future experimentation.    For the purposes of this report,  Eq. (1) has 
been used to convert to an equivalent equilibrium pressure which would 
produce the same gas intensity on a surface as that produced by the 
incident molecular beam. 

4.2.2   Surface Temperatures and Beam Intensities to Initiate Condensation 

With the target surface near room temperature,   a constant intensity 
beam of CO2 molecules generated from a room temperature source was 
allowed to strike the target surface.    Under these conditions no con- 
densation of the incident beam would occur,  and the reflected gas flux 
(Nr) equals the incident beam flux (N[).    Since it was determined by the 
previously described scattering experiments that the spatial distribution 
of the reflected beam gas followed the cosine law for all conditions used 
in these experiments, the reflected gas flux entering the detector is 
given by: 

Nd -   -^-r cos0dd<u (3) 

Therefore,  as the surface is cooled, the reflected gas flux entering the 
detector will be proportional to the total flux leaving the surface as long 
as the detector remains in one fixed position relative to the surface. 

With the constant intensity beam striking the target surface, the 
surface was slowly cooled,  as described in Section III.    The reflected 

8 
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gas signal remains constant,   indicating that the total incident beam 
flux is still being reflected.    When the surface temperature at. which 
condensation begins is reached, the detector signal decreases sharply, 
indicating some of the incident beam flux is being condensed on the 
surface.    If the surface temperature is held constant at this point, the 
reflected gas signal decreases with time,  as shown in Fig.  8,  and in- 
dicates that the fraction of the incident beam being condensed is in- 
creasing with time*.    If the surface temperature is further decreased, 
the reflected gas signal will also decrease until the signal is immeas- 
urably low (Fig.  9). 

The first parameter to be varied was the beam intensity.    It was 
observed that as the beam intensity was increased, the temperature at 
which condensation begins also increased (Fig.  9).    Several beam in- 
tensities were used which covered a range of over two orders of magni- 
tude,  as shown in Fig.   10,   curve 1.    As shown, the beam intensity re- 
quired to initiate condensation on the bare surface varies in an 
exponential manner with the surface temperature. 

As discussed in the previous section, changes in beam intensity 
correspond to changes in gas pressure on the surface.   An experimental 
relation between temperature and pressure of a vapor in equilibrium with 
its condensate is generally expected as related by the classical Clausius- 
Clapeyron relation: 

d (in P) An, 

dT RT2 (4* 

For this reason, published vapor pressure values for CO2 (Ref.   17) have 
been converted to equivalent beam intensities using Eq.  (1) and extrap- 
olated into the range of intensities used.    The resulting vapor intensity 
curve is shown as the dashed line in Fig.   10,  curve 2.    As shown, the 
vapor intensity curve nearly parallels the experimental curve for the in- 
tensity required to initiate condensation.    A surface temperature about 
7ÖK below the vapor pressure curve temperature is then required to 
initiate condensation of a CO2 beam on a polished copper surface. 

4.2.3   Evaporation Rate Measurements 

4.2.3.1   Evaporation Rate into a Vacuum 

Since the evaporation flux calculations were based on extrapolated 
vapor pressure data,   it was important to experimentally determine the 

*The plotted data have been normalized to the detector signal before 
the initiation of condensation. 
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magnitude of CO2 evaporation flux into a vacuum over the temperature 
range of interest.    After a heavy deposit of C02 had been formed on 
the target surface by an incident beam, the beam was shut off by drop- 
ping the metal disk into the path of the incident beam.    Under these 
conditions,  any measurable signal at the detector output would be 
caused by gas evaporating from the target surface into the surround- 
ing vacuum.    The evaporation flux signals were measured as a func- 
tion of surface temperature and converted into gas intensity using a 
previously determined calibration constant.    A beam of known intensity 
was generated as described in Ref.  12,  and the reflected signal at a 
given detector location was measured.    The calibration constant was 
taken as the constant of proportionality between the incident beam flux 
and the detector signal: 

Ni = KSR (5) 

The measured evaporation flux was divided by the area of the deposit 
spot to determine the intensity of the evaporating gas.    These meas- 
ured intensities are also plotted in Fig.  10,  curve 3.    There appears 
to be fair agreement between the extrapolated vapor intensity curve and 
the measured vapor intensities.    Two error flags are shown which 
represent the expected accuracy of the surface temperature measure- 
ment (±1°K) and the deposit spot area {±10 percent).    Within the accu- 
racy of the measurements, the evaporation rate follows the experi- 
mental relation of Eq.  (4) over this range of surface temperatures.    As 
long as the deposit spot area was held constant and the surface tem- 
perature changed slowly,   consistent and reproducible evaporation inten- 
sity measurements could be made while either warming or cooling the 
target surface.    Since the deposit spot area would decrease with time as 
the condensate evaporated,  it was difficult to make very precise meas- 
urements or calculations of deposit area.    Within the indicated limits of 
accuracy,  evaporation rates are easily measured over a range of surface 
temperatures for which evaporation rates could not be determined by 
other techniques. 

4.2.3.2   Equilibrium Evaporation Rate 

Several experiments were conducted to determine if the rate of 
evaporation into a vacuum at a given surface temperature is the same 
as the rate of evaporation when a beam is striking the surface with an 
intensity equal to the evaporation intensity.    This is an equilibrium con- 
dition between rate of strike and rate of evaporation.    If there is no 
coupling between the condensation and evaporation processes and the 
entire incident beam condenses on the target surface,  then this equilib- 
rium condition should occur at the surface temperatures measured pre- 
viously for evaporation into a vacuum. 

10 
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The equilibrium surface temperature was determined as described 
in Section III by condensing an incident beam on the target surface and 
then slowly warming the target surface until the gas intensity leaving 
the surface equaled the incident beam intensity,    Several beam inten- 
sities were used,  and the surface temperatures for this equilibrium 
condition are shown in Fig.   10.    The data points are generally scattered 
about values slightly less than the temperatures on the curve for evapo- 
ration rate into a vacuum;  however,  once again the surface area of the 
deposit spot affects the results.    Since it is generally impossible to 
generate a molecular beam with precisely the same diameter as the 
deposit spot,  an error in the determination of the equilibrium intensity 
is introduced.    The incident beam is generally of greater diameter 
than the condensate deposit spot.    The approximate magnitude of this 
effect will be discussed in Section 4. 3.    It appears that the equilibrium 
evaporation rate and the evaporation rate into a vacuum differ at most 
by a small factor and may be equal. 

4.2.4 Critical Supersaturation Ratio 

With the evaporation rate experimentally determined,  the data for 
intensities and surface temperatures to initiate condensation can be 
better analyzed.    Referring to Fig.   10,  the data for initiation of con- 
densation and equilibrium between condensation and evaporation form 
two distinct curves.    In terms of temperature,  the surface must be 
cooled approximately 7QK below the equilibrium state temperature to 
initiate CO2 condensation on the bare copper surface.    In terms of in- 
tensity,  for a given surface temperature the intensity ratio between the 
two curves is identical to a pressure ratio (Eq.   1)).    Therefore,  to 
initiate condensation on the bare copper surface at a given temperature, 
the gas pressure (beam intensity) must be greater than the vapor pres- 
sure by a factor equal to the ratio between values on the two curves. 
This ratio suggests a required supersaturation to initiate the condensa- 
tion process.    Such ratios,   generally referred to as critical supersatu- 
ration ratios, have been experimentally measured for several metal 
vapors and chemical mixtures as reviewed in Refs.   18 through 20. 
This report deals with the first- known measurements of such phenomena 
for atmospheric gases.    The experimentally determined critical super- 
saturation ratios for CO2 are plotted in Fig.   11.    It is noted that the 
critical supersaturation ratio decreases with increasing temperature in 
an exponential manner over the surface temperature range covered. 

4.2.5 N2ond Ar Data 

A few experiments were conducted using IS2 and Ar beams to deter- 
mine if the initiation of condensation followed the same trend as observed 
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for CO2.    In Fig.   12 curves are shown for the surface temperature and 
beam intensity relation for the initiation of condensation on a bare 
copper surface.    For comparison,  curves for evaporation intensity are 
shown which have been calculated from extrapolated vapor pressure 
curves (Ref.   17).    It is apparent that a relation between intensity and 
surface temperature similar to that for CO2 exists for the N2 and Ar 
data.    Also,  a critical sup er saturation ratio can be calculated from 
these curves as shown in Fig.   13.    It is noted that the measured surface 
temperatures in these data may be quite inaccurate for quantitative 
analysis since the chromel-constantan thermocouples exhibit poor sensi- 
tivity in this range.    However,  it can be concluded that the observed 
phenomena for CO2 condensation are not unique but are also exhibited by 
N2 and Ar condensation and probably all atmospheric gases. 

4.2.6   Theoretical and Experimental Comparisons 

In 1916 Knudsen (Ref.  21) and Wood (Ref.  22) carried out experi- 
ments using metal vapor beams in which they observed a critical surface 
temperature above which condensation could not be initiated.    Chariton 
and Simmenoff (Ref.  23),  in similar experiments,  observed a beam in- 
tensity dependence on the critical temperature for condensation.    Moti- 
vated by this work,  Frenkel (Ref.  24) developed a theory for condensa- 
tion based on the heterogeneous nucleation of a vapor on a substrate 
material.    Frenkel used the proposal of Langmuir (Ref.   25) that an atom 
which strikes a surface is not immediately reflected but stays on the sur- 
face for a finite time of adsorption which was derived by statistical 
methods: 

r = r°eKPrr7 (6) 

The adsorbed atoms were considered to move about on the substrate and 
combine with other atoms to form centers of condensation for other 
atoms.    Considering the rates of arrival and departure of atoms from the 
surface,  Frenkel showed by statistical methods that the critical beam in- 
tensity for condensation was: 

lc = Ua„ror
l exp - -^- (7) 

where Hv is the sum of the energy of adsorption of a single atom to the 
substrate and the dissociation energy of a pair of atoms which is the 
heat of vaporization of paired molecules.    In later experimental studies 
such as those by Crockford (Ref.   26),  Estermann (Ref.   27),  and Yang, 
et al.  (Ref.  28),  the exponential relation between critical beam intensity 
and surface temperature was measured for several metal vapors over a 
wide range of surface temperatures. 
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The measurements for CO2, ^,  and Ar beams reported herein 
clearly indicate that condensation of these atmospheric gases follows 
the form of Eq.  (7),  which was first used to describe the initiation of 
condensation of metal vapors,    Figures 14 and 15 are a replot of the 
data of Figs.   10 and 12 showing the critical beam intensity for initia- 
tion of condensation as a function of reciprocal surface temperatures 
for CO2. Ng, and Ar.    The resulting straight lines in the semilog plots 
are in agreement with the prediction of Eq.  (7).    The data of Figs.   14 
and 15 can also be used to evaluate the constants in Eq.   (7) for the 
three gases: 

(CO,)   lc =  3.3  x  I0i7exp  -   i^o (8) 

INJ It 1.6  x 

(Ar)Ic=   1.8  x 

10" exp   - 620 
T. 

10" exp - •680 
T 

(9) 

(10) 

These numerical values can in turn be used to calculate the heat term 
and period of oscillation term in Eq. (7) for comparison to published 
values.   Table I gives the experimentally determined values of Hv and 
T0 and published values of heats of vaporization and period of oscilla- 

Values for aQ were tion for adsorbed molecules (Refs.   29 and 30). 
calculated from published molecular diameters obtained by viscosity 
measurements (Ref,  29). 

TABLE I 
COMPARISON OF EXPERIMENTAL AND PUBLISHED VALUES 

Experiment al Values Published Values 

Gas TS,°K o0, cm2 Hv, calfgm T0, sec TS,°K Hv, cal/gm T0, sec 

co2 80 3.4xl0"15 103 1.9 xlO"14 213 87.2 10"13 - 10'u 

N2 22 3.1 x 10"15 44 3.7 xlO"14 78 47.6 ID"" - 10-11 

Ar 30 2.6XI0"15 34 3.3xl0"13 87 37.6 10-13 - IQ"" 

The published data for periods of oscillation of adsorbed molecules 
generally fall in the range from 10"^^ to 10"" sec with very few pre- 
cise measurements available. It is noted that for the N2 and Ar data, a 
variation in surface temperature of 2°K would produce an order of mag- 
nitude change in the calculated TQ. Since the precision of the surface 
temperature measurements for K2 and Ar is about ±2°K, the agreement 
with expected values of TQ is considered good.    Also, the calculated 
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heats of vaporization for N2 and Ar are taken from the slope of curves 
determined by only four experimental points.    Within the possible 
error of slope determination,  a change in Hv of 5 cal/gram could be 
possible.    The CO2 data are more precise in both slope and absolute 
surface temperature measurements. 

The existence of a critical supersaturation ratio between the gas 
pressure required to initiate condensation and the equilibrium vapor 
pressure at a given surface temperature had been reasoned in the early 
work by Gibbs (Ref.   31) and utilized by Frenkel (Ref.   32).    By definition, 
the free energy is 

F = U - TS + PV (11) 

A change in free energy is then: 

dF = Vdp - SdT (12) 

If Fv and F^ are the free energies per molecule of the vapor and liquid 
phases,  respectively, then for an isothermal process: 

HFi - Fv) = (v - V)dP (13) 

Neglecting V with respect to v,   Eq.  (13) can be integrated as: 

AFV f   NkT & (14) 

where the limits of integration are taken as the equilibrium pressure 
and incident beam pressure, or 

AFV = -51 fa  (-£-) (15) 

where AFV is now in units of energy per unit volume. For the data 
analysis of this report, AF will be given in calories/cm3, T in °K, R 
will be taken as 1. 98 calories/moles-°K, and P^, the equivalent incident 
beam pressure, in dynes/cm2. The specific volume v is determined by 
v = M/p where M is the molecular weight and p is the density of the con- 
densate. Equation (15) can also be written to express the critical condi- 
tion for the initiation of condensation: 

(AFV)C = JUt fa JJs- (16) 
v "e 

where Pc/Pe is now the critical supersaturation ratio.    As evidenced by 
Figs.   11 and 13, this exponential relation has been experimentally ob- 
served for CO2,  N2,  and Ar condensation.    The density of condensed 
CO2 was taken as 1. 3 grams/cm3 (Ref.   33),  whereas the densities of 
N2 and Ar condensates were arbitrarily taken as 1. 0 grams/cm3 since 
no density values in this temperature and pressure range are available. 
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Frenkel (Ref.  32) also derived an expression for the temperature 
difference between the equilibrium surface temperature and the tem- 
perature required to initiate condensation, which is the temperature 
difference between the curves of Figs.   10 and 12.    For an isothermal 
process,  the change in free energy can be related to the pressure 
change (Eq.   (13)).    Substituting Eq.   (13) into the Clausius-Clapeyron 
relation in the form: 

leads to the relation 

_dp 

dT 

Tc - Te = 

&H» 
T(v- V) 

(AFv)c(Te) 

AHV 

(17) 

(18) 

Equation (16) has been used to determine the free energy of forma- 
tion from the experimentally measured critical supersaturation ratios 
for CO2,  N2»  and Ar.    Utilizing these calculated energies and the calcu- 
lated heats of vaporization from Eq.  (7) as shown in Table I, the tem- 
perature differences between initiation of condensation and the equilibrium 
temperature have been calculated from Eq.  (18).    These values are shown 
in Table II.    Equation (1) has been used throughout to convert between 
beam intensity and pressure. 

TABLE II 
COMPARISON OF EXPERIMENTAL AND CALCULATED RESULTS 

Gas 
To- 

Pc, torr pc'pe 

(AFV)C, 

cal/cm3 

Tc-Te,   K 

Calculated, 
Eq. (18) 

Tc-Te>   K, 

Measured 

co2 86 1.1 x 10"5 9.5 11.3 7.2 6.4 

84 6.1 x 10'6 11.8 12.1 7.6 6.8 

82 3.2xl0'6 15.0 13.0 7.9 7.6 

80 1.5 xlO'6 19.5 13.9 8.3 7.7 

. ' 1 78 7.1 x 10"7 25.0 14.7 8.5 7.9 

N2 23.5 4.7xl0~6 350 9.7 5.2 4.7 

Ar 30 2-OxlO"5 29 5.0 4.4 4.0 
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The correlation between the calculated temperature differences 
and the measured temperature differences, the exponential relation 
observed for the critical intensity,  and the agreement between meas- 
ured and published constants for Eq.  (7) indicate that the process 
for initiation of condensation of CO2,  N2,  and Ar gases can be de- 
scribed by Eqs.  (7),  (16),  and (18). 

One other possible correlation is suggested by the more recent 
theoretical work of Pound,  Simnad,  and Yang (Ref.  34),  in which the 
basic model by Frenkel was extended to the development of a theo- 
retical deposition rate of a molecular beam condensing on a surface. 
The assumptions of the theory are (1) every atom or molecule which 
strikes the surface comes to thermal equilibrium with the surface and 
is temporarily adsorbed,  (2) the molecules move at random over the 
surface until they join a growing cluster of atoms,  called an embryo, 
or leave the surface by evaporation,  (3) the embryos are assumed to 
form uniformly over the substrate surface rather than only at pre- 
ferred sites for nucleation,  such as dislocations,  cracks,  and impuri- 
ties,  (4) there is a critical size for the embryos,  and (5) embryos 
below this size will tend to evaporate and those above the critical size 
will tend to form a stable nucleus for nucleation. 

Using the kinetic theory of gases, thermodynamical and statisti- 
cal concepts,  and random walk considerations,  expressions are de- 
rived for the equilibrium concentration of adsorbed atoms or molecules, 
the free energy of formation of critical nuclei,  and size of critical 
nuclei.    The final result gives the deposition rate as a function of many 
factors: 

I  =   [y (sin 6) a0/2mb]  lPi7-AFv Ts] 

x  exp   [(-2AFad   +  AFd +  AF*)/kTs] *10' 

Because of the many unknowns,  no direct experimental test of Eq. (19) 
is possible; however, a useful relation has been derived from it which 
relates the temperature dependence of critical supersaturation (Ref.   34). 
The standard free energy of formation AF* of a critical nucleus is re- 
lated to the bulk free energy per unit volume,  AFV. 

AF* =  16V f(0)3AFv (20) 

The free energy at the critical supersaturation condition,  (AFV)C,  is in 
turn related to the critical supersaturation ratio (Pc/Pg) by Eq.   (16). 
Using these relations,   Eq.  (19) has been altered to give the temperature 
dependence of the bulk free energy change per unit volume: 

-^~ = [3kTc(9 + b PJ/a^Kfl)]  -  [3AFri/Btry'm] (21) 
c 
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for the condition of critical supersaturation.    Equation (21) predicts a 
straight line plot of 1/{AFV)^ versus Tc (9 + in Pc>.    The experimental 
data for CO2 have been plotted in this manner using the values of (AFV)C 

calculated from Eq.  (16).    The resulting curve is shown in Fig.   16.   The 
data appear fairly linear except for the three points representing the 
lower surface temperatures,  which are also the least accurate because 
of fewer data points taken for surface temperatures below 80°K. 

A recent modification of this theory by Lothe and Pound (Ref.  35) 
resulted in a relationship in which a plot of l/(AFv)^ versus 
Tc(41 + in Pc) should produce a straight line.    The CO2 data were once 
again plotted for this relationship as shown in Fig.   17.    Even though the 
linearity is somewhat better than in Fig.  16,  it is felt that more data 
over a wider range of temperatures would be required to establish the 
validity of the relationship.    The CO2 data cover the range from 77 to 
89°K. 

The good correlations given by Eqs. (7) and (16), as well as the pos- 
sible correlation of Eq.  (19),   suggest that the theoretical treatments of 
nucleation used to explain metal vapor depositions phenomena are appli- 
cable to the process of atmospheric gas condensation.    Therefore,   it is 
possible that other phenomena observed for metal vapor condensation 
may be associated with atmospheric gas condensation, such as: 

1. Estermann (Ref.  27) observed that the critical temperature 
and pressure for the initiation of condensation depended on the 
beam width,  which he attributed to the surface mobility of the 
atoms.   In a separate beam experiment,  he demonstrated migra- 
tion of the surface atoms. 

2. As discussed in the review of experimental data (Ref.   18), 
several experimenters have observed changes in the conditions 
for the initiation of condensation as the surface structure and 
level of contamination are varied. 

3. The critical supersaturation ratio has been observed to increase 
as the number of lattice imperfections and surface cracks is 
decreased (Ref.  18). 

4. For some metal vapor beam deposits,   it has been observed that 
as the film thickens it develops a preferred orientation which 
is related to the angle of incidence of the beam (Ref.   18). 

5. Sears and Cahn (Ref.   36) and Aziz and Scott (Ref.  37) have sug- 
gested possible effects caused by the energy level of the 
impinging molecules in the beam.   No definitive experiments 
have been reported in this area, which is quite amenable to 
experimentation by molecular beam techniques. 
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4.3  CONDENSATION RATE EXPERIMENTS 

4.3.1 Calculation of a Beam Capture Coefficient 

Once the condensation process has been initiated on a bare copper 
Surface, the reflected gas flux decreases with time if the surface tem- 
perature is further decreased,   as shown in Figs.   8 and 9.    Since the 
decrease in reflected gas flux is inversely proportional to the increase 
of condensed gas flux, the fraction of the incident beam condensing on 
a surface is given by: 

Cb - 1 - £- (22) 

where CD is the beam capture coefficient.    If any gas is evaporating 
from the target surface, the magnitude of the evaporation flux can be 
determined by shutting off the incident beam and recording the re- 
maining detector signal.    The reflected gas flux is then given by: 

N, = N, - Nv (23) 

As discussed in Section II, the detector signals are related to the gas 
flux by a previously determined calibration constant.    Figures 18 and 
19 are plots of the beam capture coefficient for the data in Figs.  8 
and 9.    Several experiments were conducted in an attempt to explain 
the observed temperature- and time-dependence curves for beam cap- 
ture coefficient. 

4.3.2 Temperature-Dependent Curves of Beam Condensation Rate 

In the condensation rate experiments it was noted that as the sur- 
face temperature was lowered below the temperature at which con- 
densation began,  the diameter of the visible condensate deposit spot 
increased.    The size of the deposit spot was also observed to increase 
with time when the surface temperature was held constant after the 
initiation of condensation.    Then, for the data in Figs.   18 and 19,  as 
the beam capture coefficient increased, the deposit spot size on the 
target increased.    Since the initiation of condensation was shown to be 
a very sensitive function of beam intensity,  it was suspected that some 
lower intensity portions of the incident beam were not beginning to 
condense at the same temperature as the higher intensity center portion 
and were being reflected by the target until the temperature was fur- 
ther decreased. 

In the beam collimation process,   a beam of constant intensity 
cross section is not generated but consists of a profile with a constant 
intensity portion at the center surrounded by a region of decreasing 
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intensity with increasing distance from the beam center.    Using the 
skimmer and collimator sizes and the distance between them and the 
target,  a trapezoidal beam profile can be calculated as shown in 
Fig.   20 and discussed in Ref.   38.    For the beam chamber geometry 
used in these experiments, the beam center,  referred to as the umbra, 
was a 4-mm-diam circle,  and the region of decreasing intensity,   re- 
ferred to as the penumbra, was a region between the center 4-mm 
circle and an outer circle of 9-mm diameter.    A few experiments were 
made to measure the actual beam profile in intensity by sweeping an 
ionization gage with a 0. 5-mm orifice through the beam at a position 
between the collimator and target.    The results are shown in Fig.   21. 

In the early work by Estermann {Ref.  2 7), beam experiments with 
metal vapors were reported in which the umbra was observed to con- 
dense while the penumbra continued to be reflected.    The measured 
beam profile (Fig.  21) and the intensity dependence for the initiation of 
condensation (Fig.   10) have been used to calculate a reflected flux 
variation with surface temperature.    For a given intensity on the in- 
tensity profile (Fig.  21), the surface temperature required to initiate 
condensation at that intensity is determined from Fig.   10.    The portion 
of the incident beam flux condensing on the target for the given in.- 
tensity and temperature is then: 

ANC = Ci(AI;)(AA) (24) 

where Q is the capture coefficient for a given intensity,  AI^ is the in- 
tensity at one point on the intensity profile,  and AA is the increment of 
surface area for intensity Alj.    The reflected gas flux from the incre- 
ment AA is then: 

ANr =  Nj   - Cj(ATi) (AA) (25) 

The total gas flux leaving the surface at a given surface tempera- 
ture is determined by summing the increments of intensity times area 
over the beam profile from the maximum intensity down to the critical 
intensity below which condensation will not occur at the given surface 
temperature: 

Ni- Nj - 2Ci(AIi)(AA) + Nv (26) 

where Nt is the total gas flux leaving the surface at a given tempera- 
ture,  Nv is the evaporation flux at the given temperature,  and the 
summation limits r0 and rc represent the radius of the umbra and the 
critical radius beyond which the incident beam is not condensing. 
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Equation (26) was used to calculate the change in gas flux leaving 
the surface with C[ held constant for all intensities on the beam profile. 
The evaporation flux at any temperature was also determined from 
values in Fig.   10.    Figure 22 is a plot of the calculations for three dif- 
ferent values of C^.    The tabulated results using Eq.  (26) are listed in 
Appendix IV.    For comparison,  several experimental data points are 
also shown. 

Two important conclusions are suggested by the comparison between 
the calculated and experimental curves in Fig.  22.    First, the apparent 
change in capture coefficient with surface temperature (Fig.  19) could be 
the result of the beam intensity profile, whereas the actual capture coef- 
ficient,  Ci,  is a constant value.   Secondly,  if the capture coefficient is 
a constant for all the intensities of the beam profile greater than the 
critical intensity,  it must equal unity since this is the only value of Cj 
which produces a curve approaching the experimental limit of unity 
beam capture as the surface temperature is decreased (Fig.   19). 

Several experiments were conducted in which the surface tempera- 
ture was first decreased after initiation of condensation and then in- 
creased.    During the temperature decreasing process,  a visible con- 
densate deposit would build up on the surface.   As previously mentioned, 
the visible spot diameter increased as the surface temperature de- 
creased.    When the surface temperature was increased, the incident 
beam was then striking a previously deposited condensate spot and not 
a bare copper surface.    Under these conditions, the incident beam con- 
tinued to condense on the surface as the surface temperature was in- 
creased.    Even when the surface temperature was increased to the criti- 
cal temperature required to initiate condensation on a bare surface, the 
incident beam continued to condense as portrayed in Fig.   5 and discussed 
in Section III.   As the surface temperature was increased further, the 
net process remained that of condensation until the equilibrium tempera- 
ture was reached when the total flux leaving the surface equaled the 
incident beam flux.    Even at temperatures above the equilibrium tem- 
perature,  the incident beam readily condensed,   even though the evapora- 
tion flux was greater than the incident beam flux (L e.,   a net evaporation 
process). 

Figures 23 and 24 are calculated values of total beam capture coef- 
ficient for an incident COg beam striking a CO2 condensate deposit spot. 
Figure 23 shows values of Cj-, approaching unity as the temperature is 
lowered and then remaining generally greater than 0. 8 for temperatures 
up to the equilibrium temperature.    Figure 24 shows values of C^ for a 
lower beam intensity which remain around 0. 9 for temperatures above 
the equilibrium temperature. 
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As in the previously described data, the deposit spot diameter 
would vary as the surface temperature was varied,  which in turn 
caused a variation in the amount of low intensity beam gas in the 
penumbra which would strike and be reflected by a bare copper sur- 
face.    As shown in the calculations,  using Eq.   (26),  the reflection of 
the low intensity gas in the penumbra couldaccount for the difference 
between the measured values of Cj-, and a unity value.    Therefore,   it 
is concluded that the capture coefficient is greater than the measured 
values shown in Figs.  23 and 24 and possibly equal to unity.    At the 
lower temperatures the value of C^ is actually measured to be quite 
near unity (>0. 995).    It is noted that the lower beam intensity data of 
Fig.  24 result in slightly higher values of capture coefficient.    In 
this case,  a larger fraction of the incident beam penumbra should con- 
sist of intensities below the measurable level of the detector system. 
A reduction in the detector signals would in turn cause an increase in 
the calculated capture coefficient.    The effects of beam intensity on 
detector response are better exemplified by the data in the following 
section. 

In order to further substantiate the effects of the beam intensity 
profile on the detector signals and calculated capture coefficients,   an 
additional 4-mm collimator was installed between the existing chamber 
collimator and the target surface.    This additional collimator would 
serve to reduce the dimensions of the penumbra,   which in turn should 
reduce the quantity of gas which could be reflected from the bare copper 
surface surrounding the deposit spot.    As shown in Fig.   25,  this re- 
sulted in increased values of capture coefficient and also increased the 
temperature at which a unity value of capture coefficient was reached. 

4.3.3   Time-Dependent Curves of Beam Condensation Rate 

As previously mentioned and shown in Figs.  8 and 18,  once the con- 
densation process had been initiated,  the surface temperature could be 
held constant, and the detector signal would decrease with time.    At 
first it was suspected that this time dependence represented a required 
deposit thickness on the condensing surface before a steady-state con- 
dition could be maintained.    However,  as in the case of the temperature- 
dependent curves,  it was observed, that the visible deposit spot in- 
creased slightly with time during the deposition process.    Since the cal- 
culated penumbra dimensions and measured profile dimensions of the 
incident beam were greater than the visible deposit spot diameter,   it 
was suspected that the low intensity outer portions of the incident beam 
could be causing a change in detector signal as the deposit spot in- 
creased in size. 
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In order to explore this possibility, three types of experiments 
were conducted (1) an additional collimator was installed to reduce 
the penumbra,  (2) several different beam intensities were used,  and 
(3) several different surface temperatures were used at the same beam 
intensity.    Figure 26 shows the change in detector signals resulting 
from use of an additional 4-mm collimator between the chamber wall 
collimator and the target surface.    By reducing the diameter of the in- 
cident beam, the detector signal decreases more rapidly following the 
initiation of condensation than with the broader diameter beam. 

When the incident beam intensity was reduced two orders of magni- 
tude, the detector signal decreased much more rapidly to a zero value 
within 2 min (Fig.  26).   At the lower beam intensity,  much of the in- 
cident beam penumbra would be made up of intensities below the detect- 
able level of the modulated beam detector.   Therefore, any measureable 
effects of low intensity beam gas scattering from an uncoated portion of 
the target would be reduced, and a more rapid decrease in detector 
signal would be expected. 

Figure 27 shows the effects of varying the surface temperature at 
which condensation is initiated on a bare surface.    For the data points 
in the upper curve,  the surface temperature was slightly below the 
critical temperature to initiate condensation.    For the other data, the 
bare surface was first cooled to a temperature below the critical tem- 
perature,  and then the incident beam was turned on.    For the data taken 
at 58. 5*K, there was no detectable signal when the beam was turned on. 
The large change in time response suggests that at the lower tempera- 
tures more of the lower intensity portions of the beam penumbra are 
able to condense,  which reduces the reflected beam flux.    At the lowest 
temperature, the total incident beam was apparently instantaneously 
condensed. 

As in the case of the temperature-dependent curves, the time- 
dependent curves indicate that the measurement of condensation rate is 
affected by the incident beam intensity profile.    Therefore,   if there 
exists a required deposit thickness to produce a steady-state condensa- 
tion rate,  it cannot be differentiated from the effects caused by the 
incident beam intensity profile.    However, the lower beam intensity data 
and lower surface temperature data suggest that the deposit buildup is 
quite small before the total incident beam is being condensed with unity 
capture coefficient. 
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4.3.4 Variations of Beam Angle of Incidence 

Several beam condensation experiments were conducted at vari- 
ous angles of incidence from normal incidence to 80 deg as measured 
from the surface normal.    The same temperature and intensity de- 
pendence was observed at high angles of incidence as indicated in 
Fig.  10.    It is noted that, as the angle of incidence is increased, the 
incident beam is spread out over a larger portion of the target surface, 
which reduces the intensity per unit target area.    However,  as shown 
by the indicated points in Fig.   10, the initiation of condensation still 
obeys the same relation as that at normal incidence as long as the actual 
intensity per unit target area is used.    Several condensation rate ex- 
periments were also conducted at various angles of incidence with the 
same results as discussed in the previous two sections for beams at 
normal incidence. 

4.3.5 N2and Ar Condensation Rate 

A few condensation rate experiments were conducted using N2 and 
Ar beams.    As shown in Fig.  28, the total incident beam capture coef- 
ficient followed the same trend with surface temperature as the CO2 
data.    Based on these results, the mechanism for beam condensation of 
N2 and Ar on a copper surface is the same as for the COg beams. 

4.3.6 Pressure-Temperature Regions lor Condensation and Evaporation 

Even though the beam intensity profile effects precluded the desired 
precision of capture coefficient measurement, the net process at the 
surface in terms of condensation or evaporation can be described in 
terms of gas pressure and surface temperature regions.    Throughout 
some regions the capture coefficient appears well defined,  whereas in 
others its probable value,  or at least its limits,   is suggested.    The 
experimental data indicate that once condensation has been initiated at 
a surface interface,  the capture coefficient approaches or equals a value 
of unity.    The net process at the surface is then condensation.    If the 
surface is cooled below the critical temperature to initiate condensation, 
the net process clearly remains condensation,  and the capture coef- 
ficient remains very near or equal to unity.    It is noted that a decrease 
in surface temperature below the critical temperature while holding a 
constant beam intensity can also be interpreted as an increase in the 
intensity or pressure supersaturation ratio,  since a decrease in tempera- 
ture is accompanied by a decrease in equilibrium pressure.    Therefore, 
it can be concluded that for values of gas pressure and surface tempera- 
ture falling above the critical supersaturation line, the net process at a 
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surface is condensation, and the capture coefficient takes on a near, 
or equal to,  unity value.    The data in Fig.   10 have been used to con- 
struct Fig.  29 with the beam intensity converted to equivalent gas 
pressure and the regions of condensation and evaporation indicated. 

If the surface temperature is increased above the critical tempera- 
ture following the initiation of condensation, it was observed that the 
net process remained condensation until the equilibrium temperature 
was reached and the condensing flux equaled the evaporating flux.   The 
capture coefficient was also noted to generally remain greater than 
0. 8, as sxiown in Figs.   23 and 24, but the probable effect of the low 
intensity outer portions of the incident beam profile scattering from 
uncoated portions of the target surface has prevented precise meas- 
urements.    As shown in the beam profile measurements and calcula- 
tions,  Fig.  22 and Appendix IV, the beam intensity profile effects could 
account for a difference between a measured value of 0. 8 and an actual 
capture coefficient of 1.0.    Therefore,  it is indicated that the capture 
coefficient is greater than 0. 8 and possibly equal to 1. 0 between the 
critical supersaturation curve and the equilibrium curve,  as indicated 
in Fig.   29. 

As the temperature is increased above the equilibrium temperature, 
the net process changes from condensation to evaporation.   Once again 
the incident beam gas readily condenses,  even though the evaporation 
flux is greater than the condensation flux.    As indicated by the data in 
Fig.  24, there is no apparent decrease in the capture coefficient value 
as the equilibrium temperature is exceeded.    Measurements in this 
region were limited to temperatures below about 95°K since the evapora- 
tion flux would increase to values sufficiently large to saturate the mass 
spectrometer used in the modulated beam detector system. 

SECTION V 
CONCLUSIONS AND SUGGESTIONS 

The molecular beam experiments of the condensation and evapora- 
tion processes for CO2, N2,  and Ar on cryogenically cooled copper sur- 
faces at vacuum conditions can be summarized as follows: 

1. The molecular beam technique has been established as a means 
for detailed and precise measurements of gas condensation and 
evaporation phenomena. 

2. The scattering patterns of room temperature CO2 beams' from 
polished copper surfaces at and below room temperature follow 
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the classical cosine law for all beam angles of incidence 
between 0 and 80 deg.    Also, the evaporation flux spatial 
distribution pattern from a spot of gas condensate follows 
the cosine law. 

3. The initiation of condensation of C02J   k~2>  and Ar gases on 
cryogenically cooled copper surfaces follows a definite gas 
pressure and surface temperature relation which is predicted 
by the theoretical relation derived by Frenkel <Ref'.  24).    The 
existence of a critical supersaturation ratio for the initiation 
of condensation of C02> N2,  and Ar gases is well established. 
The experimentally determined ratios are in good agreement 
with the predictions of the classical thermodynamical relation 
which relates the critical supersaturation ratio to a free 
energy of formation.    Also, the experimentally determined 

■  free energies of formation suggest a possible correlation with 
theoretically derived condensation rate equations (Ref.  34). 

4. The measured CO2 evaporation rate between 75 and 95°K is in 
agreement with the extrapolation from values published for 
higher temperatures. 

5. The measurements of total beam capture coefficients are 
affected by the incident beam intensity profile,  which prevents 
the direct measurement of the capture coefficient at a single 
intensity.    However,  for pressure ratios equal to or greater 
than the critical pressure r^tio,  the capture coefficient is equal 
to,  or approaching closely,  a unity value.    For gaB impinge- 
ment on a previously deposited condensate at values of pressure 
ratio less than the critical supersaturation ratio, the capture 
coefficient remains greater than zero, but possible beam inten- 
sity profile effects preclude precise measurements. 

6. For practical engineering applications,   Fig.   29 can be used to 
determine the relative magnitudes of gas flux striking and 
leaving a condensate-covered surface as well as the pressure- 
temperature requirements to initiate condensation. 

The results of these experiments together with the theoretical 
correlations suggest certain future experiments which should extend 
the present knowledge of the heterogeneous condensation process. 

1.    The theoretical treatments referred to in this report assume 
the condensation process to be independent of the incident gas 
energy.    Molecular beams of higher energies can be used to 
readily determine the extent of applicability of this assumption. 
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2. If a means of controlling the effects of the incident beam in- 
tensity profile can be developed, the magniture of the capture 
coefficient for a single beam intensity can be determined,  as 
well as its value over a wide range of pressures relative to 
the vapor pressure. 

3. In several of the referenced articles, changes in the critical 
supersaturation ratio were observed as a function of the sur- 
face structure and nature of adsorbed gases.    Since such 
changes could have significant bearing on the applicability 
of cryogenically cooled surfaces for vacuum pumping, molec- 
ular beam experiments are suggested in which the surface 
structure and composition are carefully controlled. 

4. A complete understanding of the condensation process will 
also include knowledge of the molecular structure of the cryo- 
deposits.    Therefore, experiments are needed which can re- 
veal the resulting crystalline or amorphous nature of the 
cryodeposits. 
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APPENDIXES 
I.   ILLUSTRATIONS 

II.  CALCULATION OF MOLECULAR BEAM PRESSURE 
FROM BEAM INTENSITY 

III. CALCULATION OF DETECTOR CHOPPER WHEEL 
EFFECTS ON SCATTERED BEAM SPATIAL DIS- 
TRIBUTION PATTERNS 

IV. CALCULATION OF BEAM INTENSITY PROFILE 
EFFECTS ON REFLECTED GAS FLUX 
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